The success of processing compatible blends, based on poly(ethylene terephthalate) (PET)/ poly(ethylene naphthalene 2,6-dicarboxylate) (PEN)/clay nanocomposites in one step by reactive melt extrusion is described. Untreated clay was first purified and functionalized "in situ" with a compound based on an organic peroxide/sulfur mixture and (tetramethylthiuram disulfide) as the activator for sulfur. The PET and PEN materials were first separately mixed in the molten state with functionalized clay. The PET/4 wt% clay and PEN/7.5 wt% clay compositions showed total exfoliation. These compositions, denoted nPET and nPEN, respectively, were used to prepare new nPET/nPEN nanoblends in the same mixing batch. The nPET/nPEN nanoblends were compared to neat PET/PEN blends. The blends and nanocomposites were characterized using various techniques. Microstructural and nanostructural properties were investigated. Fourier transform infrared spectroscopy (FTIR) results showed that the exfoliation of tetrahedral clay nanolayers is complete and the octahedral structure totally disappears. It was shown that total exfoliation, confirmed by wide angle X-ray scattering (WAXS) measurements, contributes to the enhancement of impact strength and tensile modulus. In addition, WAXS results indicated that all samples are amorphous. The differential scanning calorimetry (DSC) study indicated the occurrence of one glass transition temperature T g , one crystallization temperature T c and one melting temperature T m for every composition. This was evidence that both PET/PEN and nPET/nPEN blends are compatible in the entire range of compositions. In addition, the nPET/nPEN blends showed lower T c and higher T m values than the corresponding neat PET/PEN blends. In conclusion, the results obtained indicate that nPET/nPEN blends are different from the pure ones in nanostructure and physical behavior.
Introduction
Polymer/clay nanocomposites constitute a relatively large field of research. These reinforced plastics have attracted considerable attention in both scientific and industrial fields, because a very small amount of clay can significantly enhance the properties of the polymer. Phyllosilicates, like montmorillonite, have been used as reinforcing materials for polymers owing to their high aspect ratio (length/diameter). This characteristic confers unique intercalation/exfoliation characteristics to the polymer/ clay nanocomposites, which govern the enhancement of some interesting polymer properties [1] . The use of nanoclay is an open route to enhance the properties and the compatibility of blends [2] [3] [4] [5] .
One of the most commonly used and convenient techniques for the preparation of polymer/clay combinations is the reactive extrusion (or REX) technique. Our laboratory has developed one method which consists of the preparation of a reactive agent (or "functionalizing agent"), capable of exfoliating the raw clay without any restricted working conditions. In particular, we used a high working temperature ( > 190°C) [6] . Moreover, with the method described below, the clay only needs to be purified, without any chemical treatment. After that, the modified clay was added directly to the polymer matrix in the solid state. The use of polymer/clay nanocomposites is justified by the significant dependency of the morphology on the degree of crystallinity and the dispersion of clay nanolayers in the polymer matrix [7] . Recent progress in this context includes the development of poly(ethylene terephthalate) (PET)/poly(ethylene naphthalene 2,6-dicarboxylate) (PEN) blends. PEN offers a significantly improved performance over conventional PET in critical areas such as thermal resistance, a higher glass transition, better mechanical properties, dimensional properties and lower gas permeability. One approach for combining the attractive properties of PET with better thermal and barrier properties is through blends with PEN. These blends are initially immiscible [8] but quickly react and phase structure changes via transesterification in the melt [9, 10] . Transesterification takes place frequently, because commercial thermoplastic polyesters have very high molecular weights and their end effect for chains can be neglected. Generally, the miscibility of the polyester blends is correlated with transesterification [11] [12] [13] . These PET/PEN non compatible blends present some interest, and are good candidates, for instance, as large-scale packaging materials for several reasons: good structure/properties relationship, high working temperature and low cost of the PET component [14] .
The aim of the present work is to achieve compatible polymer/clay blends using totally exfoliated clay, selecting the appropriate working conditions in the molten state. The total exfoliation of clay is easily achieved using this new method [15] . As compared to other methods, the stacks do not go to the final exfoliation through the intercalation step, but they are directly exfoliated at the final step. This constitutes one of the most relevant points of this new method [16] . The method that allows the preparation of polymer-clay nanocomposites is described in detail in the experimental section.
Materials and methods

Materials
PET (Rhodia S80 from Rhodia-Ster, Yorkshire, UK, Mv = 45,000 g/mol), was used as received. Pelletized PEN (Eastman, The Hague, Netherlands, average viscosity molecular weight Mv = 25,000), was used as received. Montmorillonite (Maghnite), organically-unmodified nanoclay, was purchased from the Algerian region of Maghnia and supplied by ENOF, Algeria. The cation exchange capacity of this montmorillonite is about 1.15 × 10 -3 mol/g [17] . Dicumyl peroxide (96 wt% activity) was supplied by NORAX (Germany). Sulfur (vulcanizing agent for rubber), was supplied by Wuxi Huasbeng Chemical Additives Factory (China). The accelerator used was the Super Table 1 Poly(ethylene terephthalate) (PET)/poly(ethylene naphthalene 2,6-dicarboxylate) (PEN) blends and nPET/nPEN blends composition.
Samples
Compositions in weight (%)   PET   0  20  -50  -80  100  PEN   100  80  -50  -20  0  nPET   0  20  30  50  70  80  100  nPEN   100  80  70  50  30  20  0 accelerator 501 (tetramethylthiuram disulfide), supplied by Rhône-Poulenc, France.
Blend preparation
The clay was separated from the rest of the minerals by washing the raw material with distilled water followed by centrifugation. It was not necessary to perform any other chemical treatment or purification step. The dried clay (100°C, 24 h) was then screened through sieves (granular size, 63 μm or less). At this step, the clay is ready to be mixed with the functionalizing agents. The components of the functionalizing agent are dissolved in acetone; they are then well mixed with the dried clay and allowed to react for 24 h. The formulations are as follows: the chosen sulfur concentration (in wt%) was always equal to that of peroxide, and the accelerator was 1/4 of the sulfur or peroxide concentration. The functionalizing agent was added in a concentration of 1/10 of the clay. The PET and PEN materials were first separately mixed in the molten state with functionalized clay. The PET/4 wt% clay and PEN/7.5 wt% clay compositions showed total exfoliation. These compositions, denoted nPET and nPEN, respectively, were used to prepare new nPET/nPEN nanoblends in the same mixing batch.
This functionalized clay was blended with the polymer matrix for different weight contents.
This new route permits handing up nanocomposite materials in one operating step. This is an interesting challenge from the industrial point of view. All of the blends with different nPET/nPEN ratios were prepared via a melt compounding method in a Brabender plastograph. In addition, pure blends based on pure PET and PEN were also prepared, in order to study the effect of the nanoclay on blend properties.
In summary, the PET or PEN neat components were mixed in a plastograph with the clay functionalized by our method, in different proportions. The working conditions were the same for all the blends: temperature T = 280°C, screw speed = 45 rpm; residence time = 10 min. The blend compositions are indicated in Table 1 .
Laboratory compression molding equipment was used to prepare films from the blends, in order to perform their characterization by different methods, such as Fourier transform infrared spectroscopy (FTIR), wide angle X-ray scattering (WAXS), differential scanning calorimetry (DSC), tensile tests, impact strength and microhardness measurements. In order to obtain suitable samples, quenching was imposed to omit or stop the crystallization and favor the amorphous phase; this was successfully done even for the pure PET/PEN or the nanoblends. According to the WAXS results, it was found that PET with 4 wt% clay and PEN with 7.5 wt% of clay showed total exfoliation. These compositions are nPET and nPEN, respectively.
Characterization techniques 2.3.1 WAXS
For the WAXS experiments, a Seifert diffractometer (reflection mode) was used. The following conditions were employed: 40 kV; 35 mA; angular range = 2°-35° (2θ); scan rate = 0.02°/s; slits = 0.3 and 0.2 mm.
FTIR measurements
FTIR spectra of film samples were recorded using a Perkin Elmer Spectrum 1000 spectrometer with a resolution of 4 cm -1 within 200 scans. IR spectra were obtained for PET/ PEN blends and PET/PEN/clay nanocomposite blends film samples in the region from 400 to 4000 cm -1 .
DSC
Thermograms of all the samples were obtained using a Perkin-Elmer DSC-7 differential scanning calorimeter, calibrated with indium standard. The calorimetric runs were performed using 5-10 mg of the sample with a heating rate of 10°C/min in the 40°C-300°C temperature interval, under a constant flux of nitrogen. All DSC curves are baseline substrated and normalized to 1 mg of sample. The first run was analyzed in all cases.
Mechanical properties
Tensile resistance
The tensile tests were conducted at room temperature on a Universal Testing machine (Zwick Roell proline). The tests were made on 4 cm 2 size samples. The crosshead speed (initial strain rate) was 5 mm/min and the grip length was 40 mm. In each case, five samples were tested and the average of the five readings was taken. The dimensions are taken according to ASTM standard D 638-2. The tensile strength, modulus and elongation at break were derived from the stress strain curves.
Impact strength
The impact strength tests were conducted at room temperature on a Universal Testing machine Resil Impactor, Italian CEAST Scientific Instrument Corp. In each case, five samples were tested and the average of five readings was used. The Standard Test Method for determining the Charpy Impact Resistance of PET/PEN clay nanocomposites was used, according to the norm ISO R 179. Both unnotched and notched samples were impacted. The notch was applicable by a specially made milling cutter with an angle of 45° and the deep h value is taken 1 mm/10 mm. The impact strength values for unnotched (a n ) and notched (a k ) samples were determined. The sensitivity is defined as the ratio of k = a k /a n × 100%.
Microhardness
Microindentation measurements were performed at room temperature (around 23°C) using a Leitz tester and a Vickers diamond indenter. Loads of 0.5 N were applied for 6 s and subsequently released to measure the residual area of indentation. Microhardness H was determined from the residual projected area of indentation according to the following equation [18] :
where d is the length of the impression diagonal in meters, P is the contact load applied in N, and k is a geometrical factor equal to 1.854. The hardness measurements were averaged over eight to 10 indentations on each sample. Figure 1A and B show the WAXS patterns for PET and PEN with raw clay and functionalized clay. From the different diffractograms, it is observed that the characteristic peak of clay, indicated by an arrow, disappears in the case of PET with 4 wt% functionalized clay and PEN with 7.5 wt% functionalized clay. This result justifies the procedure used, i.e., mixing the clay with the components separately, in the appropriate amounts at the selected working conditions. In what follows, we will call these compositions nPET and nPEN, respectively. All the diffractograms correspond to amorphous materials. nPET and nPEN were mixed in the selected proportions in the closed chamber of the plastograph, under the working conditions previously indicated. The same working conditions were applied to prepare the pure PET/ PEN blends. The diffractograms of both kinds of blends, shown in Figure 2A and B, respectively, clearly indicate that all blends are amorphous. Figure 3A and B show the FTIR spectra of untreated virgin raw clay, neat PET, nPET, neat PEN and nPEN. From the results shown in Figure 3 and Table 2 , it was observed that the peaks associated with the tetrahedral structure [19] of clay remain in the final structure of the nPET samples, while the peaks associated with the octahedral structure disappear; this is also observed in the case of nPEN. Thus, the reaction between the agents used and the clay is the redox reaction that involves the octahedral crystalline portion.
Results and discussion
WAXS
FTIR
The organometallic components of the clay octahedral structure react in the presence of cations supplied by decomposition of the peroxide and the accelerator to promote these type of reactions, particularly in those particular thermodynamics systems. It is rather difficult to argue this type of reaction, but the destruction of the octahedral structure could support the consequence of this assumption. The reaction mechanism is complex, but the results suggest that other active groups in the system may be involved in the destruction of the octahedral structure of the raw clay. In addition, there are also variations in the peak intensities related to neat PET and PEN matrices, both for pure and nanoblend mixtures. with the -OH groups present in the system to give a transesterification process [3] , giving rise to the formation of random copolymers. In addition, some hydrolysis and degradation reactions are possible that could affect the structure of the matrices. 2. In the case of the nanoblends, in addition to the influence of the experimental parameters, functionalized clay provides an additional effect of a chemical reaction of aggressive groups capable of reacting with -CH 2 -CH 2 -aliphatic groups of PET and PEN. Figure 4 and Table 3 show the effect of functionalized clay where the aliphatic parts even for PET and PEN are also affected.
In summary, in the case of pure PET/PEN blends, the active sites are the aromatic and naphthalene rings. In the case of PET/PEN nanoblends, the active sites are both the aromatic and naphthalene rings, and the aliphatic groups.
The disappearance of the characteristic peaks of the clay octahedral layers from the FTIR spectra is in good agreement with the WAXS results on the exfoliation of clay to nanolayers.
DSC
Heating thermograms
As can be seen in the corresponding thermograms ( Figure 5 ), all of the studied blends were initially amorphous. During the heating process, they crystallized (cold crystallization process) and finally melted. Tables 4 and  5 , columns 2-7. In addition, only one T g is clearly visible on each heating thermogram. The T g values were intermediate between the ones corresponding to the pure components. By comparing the thermograms of pure blends with those of the nanoblends ( Figure 5 and Tables 4 and  5) , it can be seen that for the same composition and in the heating run, T g and T c values were lower and T m values were higher for the nanoblends as compared to pure blends. In addition to this, the interval between T c and T m depended on the composition, this interval being wider for higher PET content. This can be an advantage from an industrial point of view. Kim and Lee [20] characterized the thermal properties of nanofibers of pure PET and PEN polymers and PET/PEN blends obtained in melt form. They found that the electrospinning of polymers resulted in an increase of crystallinity and a decrease of T g and T c of PET and PEN. The crystalline melting peak temperatures (T m ) of PET and PEN were almost the same before and after electrospinning. By contrast, not only T g and T c , but also T m of the electrospun PET/PEN nanofibers were lower than those of the bulk. The change in thermal properties of electrospun neat polyesters was primarily due to a decrease of molecular weight (after the electrospinning) by thermal as well as mechanical degradation. However, the change in those of PET/PEN blends was attributed to exchange reactions of PET and PEN in molten blends [20, 21] . Figure 6 illustrates the variation of T g with increasing PET content for the neat blends and nanoblends. The linear decrease of T g practically obeys the additivity law. By contrast, the nanoclay blends present a slight diminution of T g (between 2 and 4 degrees) compared to neat blends. From this very small deviation of T g , it can be deduced that the effect of nanolayers is marginal as compared to the effect of experimental parameters. PET content (%) Figure 6 Variation of the glass transition temperature T g as a function of poly(ethylene terephthalate) (PET) content for PET/ poly(ethylene naphthalene 2,6-dicarboxylate) (PEN) blends and n/PET/nPEN blends.
Cooling thermograms
In Tables 4 and 5 , the T c , and ΔH c obtained from the cooling process are also included (see columns 8 and 9) . These values seem to vary in a not very systematic way, because they depend in some extent on the final temperature reached in the heating run, and on the time during which the blends are subjected to this final temperature (transesterification reaction).
Measurement of T g is one of the easiest determinations of miscibility in polymer mixtures. One single T g value for two individual polymers appears for miscible blends, whereas two T g values are observed for immiscible blends. The value of T g is often expressed by the well-known Fox equation:
where w 1 and w 2 are the weight fractions of components 1 and 2 with T g1 and T g2 values, respectively. This equation is also used to predict the T g of copolymers. For some miscible polymer blends interacting with strong specific intermolecular and intramolecular forces, it has been reported that the compositional dependence of T g shows a maximum value, exhibiting a positive deviation from linearity with blend composition. This unusual behavior was ascribed to the significant hydrogen-bonding interactions between two polymers in those cases. The T g of such polymer blends is of special interest from a practical and academic point of view [22] . When we wish to achieve compatibility, then the changes in T g represent a measure of success of that operation. The working conditions can be optimized by reactive agents and nanolayers. Furthermore, one could perform a grafting of organic to inorganic nanolayers thus changing the T g values [23, 24] .
When the blend composition is varied, the T g value of each polymer shifts. It can be seen that, for a fully miscible blend, for all compositions there is a steady increase in the T g value and it obeys the additivity law.
Mechanical properties
Tensile measurement
The results obtained for the modulus of elasticity, impact resistance (both a n and a k ), and the microhardness of all of the mixtures are shown in Table 6 . The tensile modulus represented in the case of nPET/nPEN blends shows a high synergistic effect for the 30/70 composition (Table 6) , whereas mixtures have a low deformation at break ε r and moderate values of optimal impact strength a n and a k . However, ε r , a n and a k are not proportional to the modulus. These results suggest that good compatibility occurs because the additivity law is verified in both mixture systems. In the case of the mixture of pure blends, we assist in the formation of a random copolymer. By contrast, in the case of clay nanoblends, in addition to the formation of the random copolymer, the effect of fully exfoliated nanolayers takes place. Indeed, the presence of nanolayers in the fully exfoliated state will neutralize the repulsive forces and even enhance the compatibility.
Impact strength
According to the impact strength results (Table 6) , we observe some windows of compatibility accompanied with a high synergy effect at lower PET content (around 30%). Also, the synergic effect is observed for neat PET/ PEN blends, but at higher PET content (around 50%). This shows the effect of enhanced compatibility in the case of the presence of the nanolayer. PET content (%) Figure 7 Microhardness dependence on the poly(ethylene terephthalate) (PET) content in PET/poly(ethylene naphthalene 2,6-dicarboxylate) (PEN) blends and nPET/nPEN blends.
Microhardness results
In Figure 7 , the microhardness H is represented as a function of composition for neat or pure blends and for the nanoblends. Both sets of values are very similar and depend only on the composition. The presence of nanoclay does not seem to have much influence on the microhardness values of the blends, which are lower than those predicted by the additivity law. However, the geometry effect and, in particular the thickness of the surface, has a significant influence on the H values. This means that for a thin surface, the response to the applied load will be different than that for a thick surface. The conditions for sample preparation in the case of thin and thick samples are somewhat different, and this would explain why in the mechanical properties, we observe a synergism for some compositions. In addition, the systems under study are very complex in their chemical composition, and some secondary reactions could be involved, mainly transesterification, which could act in a positive or in a negative way, as indicated in the work of Calderas and Guadalupe [3] . These authors mention that, at a high working temperature, some reactions could take place leading to the formation of random copolymers. Thus, it is not excluded that transesterification, and also, hydrolysis and degradation reactions, are present [25] . In any case, the H values of microhardness are moderate and very similar to those of pure blends.
Conclusions
From the above results it could be concluded that: 1. PET/PEN pure blends prepared by the reactive extrusion method are compatible, as deduced from the appearance only one T g , one T c and one T m for every composition. 2. nPET/nPEN blends are compatible in the entire range of compositions for the same reason as previously indicated. 3. The reactive extrusion method chosen for the preparation of both kinds of blends enhances the compatibility, giving rise to stable blends with improved mechanical properties. Some particular compositions show a synergic effect on the modulus, E and also on the impact strength.
